The surface proteins of the mumps virus, the fusion protein (F) and haemagglutinin-neuraminidase (HN), are key factors in mumps pathogenesis and are important targets for the immune response during mumps virus infection. We compared the predicted amino acid sequences of the F and HN genes from Dutch mumps virus samples from the pre-vaccine era (1957-1982) with mumps virus genotype G strains (from 2004 onwards). Genotype G is the most frequently detected mumps genotype in recent outbreaks in vaccinated communities, especially in Western Europe, the USA and Japan. Amino acid differences between the Jeryl Lynn vaccine strains (genotype A) and genotype G strains were predominantly located in known B-cell epitopes and in N-linked glycosylation sites on the HN protein. There were eight variable amino acid positions specific to genotype A or genotype G sequences in five known B-cell epitopes of the HN protein. These differences may account for the reported antigenic differences between Jeryl Lynn and genotype G strains. We also found amino acid differences in and near sites on the HN protein that have been reported to play a role in mumps virus pathogenesis. These differences may contribute to the occurrence of genotype G outbreaks in vaccinated communities.
Results
Phylogenetic analysis. A phylogenetic analysis based on the SH gene sequences was performed to determine the genotypes of the samples from recent outbreaks in the Netherlands (n = 110), as previously described 27 , and from a collection of historic wild type strains isolated from Dutch patients since 1954 (n = 46) ( Fig. 1) . The strains from the recent outbreaks are classified as genotype G which is indeed the currently circulating genotype. Two historic wild type strains belong to genotype A, including a strain that is identical to MuVi/Boston.USA/0.45 "Enders", the mumps prototype strain that was isolated from a patient in the USA. These two strains were isolated in 1954 and 1962, respectively. Three historic wild type strains belonging to genotype C were isolated from patients in 1980-1981. The majority of the historic wild type strains (n = 33) belong to genotype D and were isolated from patients (from 1961 to 1982) , which indicates that this genotype circulated for several decades in the Netherlands before the introduction of the MMR vaccine. Four historic wild type strains belong to genotype L and were isolated from patients between 1957 and 1964. The four remaining historic wild type strains were isolated from patients between 1962 and 1964 and do not cluster with any of the genotypes as defined by the reference strains, which suggests a genotype that has not yet been described or may be extinct. Based on the SH gene sequences, these latter strains cluster together.
Analysis of the F protein. F protein amino acid sequences from genotypes A and G were compared at sequence level and additionally at structure level, by mapping sequence variation on homology models. The homology model of the F protein was built using PDB-entry 4GIP, which is the F protein of the parainfluenza 5 virus (49% sequence identity). For the mapping of the sequence variation, Scop3D was used 28 , which is a tool designed to map sequence variation onto protein structure. Here, we used this tool to identify differences in residues on positions that are either specific to genotype A or genotype G strains. Because the F protein undergoes a large conformational change during the fusion process, it can adopt a pre-or post-fusion conformation 29 . In this work, we refer only to the pre-fusion conformation as this is the most important one for B-cell immunity. For the F protein, we found a total of 58 amino acid positions that show variation among the analyzed sequences of genotype A and G (Table 1 ). In a first analysis, only genotype A and G were compared. Only one position (position 2; Table 1 , F row 1) is variable across both genotype A and genotype G sequences. Eight out of 58 positions are completely different between the genotype A and G strains, i.e. all genotype A sequences have a certain residue at that position, whereas all genotype G sequences present another residue ( Table 1 , F row 2). Of these genotype-specific positions, five are located in the signal peptide ( Table 2 , Fig. 2 ) while the other three positions are not located in a predicted or defined functional region.
Four positions show a difference in a subset of the genotype A sequences when compared to genotype G ( Table 1 , F row 3). These four positions are not located in any specific functional region. Inversely, 10 positions were found to show a difference only in a subset of genotype G sequences, when compared to genotype A ( Table 1 , F row 4). Of these, two positions (positions 91 and 195) are linked to a fusion promotion site.
When the variable positions for each mumps virus strain were further compared with the historic wild type sequences also, four positions were found to be specific for both genotype A and genotype G ( Table 1 , F row 5 and 6). Seven positions for genotype A were found to vary only within genotype A sequences (Table 1 ; F row 7). No positions are related to specific functional regions. When the same comparison was made for the genotype G sequences, 20 positions were found to be specific for the genotype G sequences in our study ( Table 1 , F row 8). Four positions (positions 96, 97, 100 and 101) are related to the cleavage site (Table 1, Table 2 , Figs 2, 3A). Of these four positions, the variation at position 97 (S → L) is observed in 19 out of 118 (16%) sequences (Figs 2, 3A). Furthermore, position 97 is surface exposed (56% solvent accessible; Fig. 2 ).
Analysis of the HN protein.
The same approach was used to analyze the HN protein amino acid sequences.
The homology model of the mumps HN protein is based on the HN protein of the parainfluenza 5 virus (PDB entry 1Z4V; 46% sequence identity). During the course of our analyses, the structure of HN from mumps was solved via X-ray crystallography (PDB entry 5B2C 30 ). Our homology model used in the analyses was similar to this experimentally solved structure (root mean square deviation (RMSD) of C α = 1.20 Å).
We found 54 positions that show a difference in the analyzed HN sequences of genotypes A and G. Four positions (288, 336, 462, 466) are variable across both genotype A and genotype G sequences ( Table 1 , HN row 1), of which positions 462 and 466 cluster together and occur two times within the same sequence (distance C α -C α = 4.8 Å). Position 466 (S → R) is located in an N-glycosylation site (464-466) and the variation leads to the loss of this N-glycosylation site. The S → R variant results in a major change in the physicochemical properties of the side chain. Position 336 is located in a known B-cell epitope region. In 14 positions, the genotype A and genotype G sequences differ completely ( Table 1 , HN row 2). One of these 14 positions is located in an N-glycosylation site (position 12 in N-glycosylation site 12-14; Table 2 , Fig. 2 ). Five other positions are situated in two different known B-cell epitopes 31 (B-cell epitopes 113-130 and 375-403, Table 2 , Fig. 2 ). One position (287) is linked to a known T-cell epitope (region 265-295) 25 . Six of these 14 positions could be mapped on the structure. None of the positions cluster together. The variation at position 287 is surface exposed (rSAS = 39%; Fig. 2 ).
Additionally, seven and nine positions show variation in a number of genotype A or genotype G sequences, respectively ( Table 1 , HN rows 3 and 4). Of the seven variable positions for genotype A, position 464 is situated in an N-glycosylation site (464-466; Table 2 , Fig. 2 ). For the nine positions variable in some genotype G sequences, two positions are located in an N-glycosylation site (positions 13 and 402 in N-glycosylation sites 12-14 and 400-402, respectively; Table 2 , Fig. 2 ). Four positions are located in five different known B-cell epitopes 26, [31] [32] [33] ( Table 1, HN row Table 2 , Fig. 2 ).
When the comparison of the variable positions was also made against the historic wild type strains, three and two positions that differ completely between genotype A and G, are specific for either genotype A or G ( HN rows 5 and 6). The variations at positions 113 and 356 are surface exposed (rSAS = 40% and 54% respectively; Fig. 2 ). Position 113 is not surface exposed in the consensus situation (rSAS = 23%, Fig. 2 ). Three (positions 205, 354 and 442) out of seven positions variable only in genotype A sequences, (Table 1 ; HN row 7) are located in known B-cell epitopes 26, [31] [32] [33] (epitope regions 199-207, 327-363 and 440-443). Eight positions are only variable in genotype G sequences when also compared to the historic wild type sequences, including positions 129 and 330, which are located in known B-cell epitopes 26, [31] [32] [33] (Table 1, 
Discussion
In this study, we used the sequence variation between different mumps virus strains to assess whether this results in alterations in the structure of the mumps HN and F proteins that could contribute to the occurrence of the recent mumps outbreaks in vaccinated populations. Using homology models of the structure of the F and HN proteins, we compared the amino acid sequences of the genotype A vaccine strains with genotype G strains isolated during recent outbreaks in The Netherlands. We included historic genotype strains as well as more ancient lineages of mumps viruses that had circulated in the Netherlands during the pre-vaccination era to check for genotype-specific variations only linked to either vaccine genotype A or genotype G mumps virus strains, which might explain new mumps outbreaks.
For the F protein, we found some variation, both for the genotype A and the genotype G strains. However, the positions that show variation were mostly located in regions not associated with known functional domains, or in regions with as yet unknown functional properties or were found only in a limited number of sequences. The variation found at position 97 in genotype G may be of interest, as this variant is located near the cleavage site of the F protein. The protease furin cleaves the F protein at this particular site, to expose the fusion peptide after some conformational changes during the fusion process. The exposure of the fusion peptide is essential for fusion of the virus with the host cell membrane 29 . The change at position 97 (S → L) might enhance the fusion process, by introducing more hydrophobicity in the environment of the fusion peptide.
In the HN protein, variation was mostly found in relation to known B-cell epitopes or N-glycosylation sites. The eight variable positions that are specific for one of the two genotypes and which are located in five known B-cell epitopes may have an effect on the ability of the antibodies, elicited by vaccination with the Jeryl Lynn vaccine, to recognize epitopes of genotype G viruses. This was also suggested previously by May et al., who showed that certain predicted epitope regions are divergent between the JL vaccine strain and wild type Dutch genotype G strains 16 . However, they only predicted possible B-cell epitopes, whereas we based the regions on literature, which points to empirically proven epitopes. This results in the discrepancy that our study showed a possible relevant variation at positions 354 and 356. May et al. seemingly did not find these positions as variable. Additionally, according to our sources, these variations are located in a B-cell epitope, whereas May et al. did not predict this region as an antigenic site. Our study adds to this because we also examined the structures of both main surface proteins, as well as surface accessibility of the consensus and variable residues, in contrast to the study by May et al. where they only included secondary structure predictions. The structural information has an added value because the protein structures might reveal clustering of variable amino acids that are seemingly located distinctly from each other in the sequence, as seen for the HN protein, as well as to reveal clustering of functional regions of the protein. Clustering of variable positions, might have a cumulative impact on the protein structure and therefore antibody recognition. Additionally, we also analyzed more genotype G strains and compared variable positions to other mumps virus genotypes. This helped us to obtain a more general overview of the extent of variations throughout the genotype A or genotype G sequences as well as to define genotype-specific variations.
The eight positions that we showed here to be variable and located in five known B-cell epitope regions should be further investigated. Although some positions displayed a conservative (i.e. similar physicochemical properties between amino acids) variation or were not surface-exposed, they may still have an effect on the tertiary structure. Positions 354 (Q → P), 356 (D → E) and 442 (S → Y) may be of special interest as these variations are specific for the genotype A sequences, both compared to genotype G as well as the other wild type sequences. Additionally, all three variants are surface exposed according to our analysis and the variation in positions 354 and 442 is non-conservative ( Fig. 3B ). Also position 113 can be of interest because this variation is specific to genotype G sequences and is located in a known B-cell epitope. Positions 113, 354, 356 and 442 deserve further investigation because either all genotype A or genotype G sequences showed this variation unlike positions 129, 205 and 330. These variable positions were found to be located in a B-cell epitope and/or an N-glycosylation site, which might change the recognition site for vaccine-induced antibodies, by loss of the N-glycosylation site (position 129). However, as this variation only appears in one sequence, it is most likely a random variant, and hence not genotype-specific. It is important to note that positions 113, 354, 356 and 442 are particularly interesting as it was shown for other viruses such as influenza, that changes in as few as one amino acid located in a B-cell epitope can lead to reduced antibody recognition 34 We also found a small number of differences in or near other important functional regions of the HN protein. These variants are mostly conservative, which suggests that these positions do not tolerate much change most likely due to their primary function of virus-host cell fusion. For example, positions 203 and 205 in the HN protein changed from K to N and H to R in a small number of genotype G and genotype A sequences, respectively. These conservative variants are located near a neuraminidase region, which is an important functional region of the HN protein. In addition, we have not found any variable sites in regions important for Ca 2+ -binding, which plays a role in structural stability and these sites are therefore most likely conserved 35 .
Some of the variable positions found in this study were indeed empirically verified before. The variation found at position 354 in the HN protein, which is located in a known B-cell epitope, has also been described by other research groups 26, 36, 37 . Most of the variants found in the HN protein encompass the variable regions described in the study by Vaidya et al., in which they compared mumps virus genome sequences from two genotype G and six genotype C strains, with several vaccine strains, including the Jeryl Lynn strain 38 . Additionally, we show that these regions, except for regions 240-245 and 405-410, are surface exposed (Fig. 4) . The antibody recognition of the protein surface might alter when certain residues become surface exposed or buried when variation occurs, which might lead to loss of protection. We found variants at positions 279 and 287 (change of T to I and I to V, respectively) of the HN protein, which has also been reported previously 25 . This variation can generate a mismatch in recognition of CD4 + T-cell epitopes, between genotype A and genotype G strains. This may lead to the loss of an important T-cell response, which supports the immunological recognition and recall response. Positions 279 and 287 can both, individually and additively, lead to a difference in T-cell responses against the Jeryl Lynn vaccine strains and other wild type strains, as recognition of the T-cell epitope by the HLA molecules may be altered 25 . The study by Dilcher et al. showed that the above-mentioned interesting positions 279, 287, 336, 356 and 442 indeed are related to known B-cell epitopes 39 . With their structural comparison they also concluded that differences between genotype A and genotype G mumps viruses might have an influence on antibody recognition in these B-cell epitope regions.
In summary, despite the fact that the F and HN proteins of mumps viruses of genotype A and G are very similar, we have found a series of amino acid variations between these proteins of genotype A vaccine strains and genotype G wild type strains isolated from infected individuals. Most of the observed differences are located in regions of functional importance or in known B-cell epitopes. Therefore, it would also seem relevant to base mumps genotyping on the HN or F gene, instead of SH, as the differences in the HN or F gene are more relevant for the evolution of the virus, due to immunological pressure. It was shown previously that HN and F gene based genotyping is better suited for recording virus transmission 27 . The importance of appropriate genotyping was also recently shown by Dilcher et al., who reported a modified next generation sequencing protocol for better mumps diagnosis, variation analysis and outbreak control 39 . Eight variants specific for genotype A or G strains were located in five different known B-cell epitopes of the HN protein. These changes may lead to a reduced recognition of genotype G strains by vaccine-induced immune responses. This reduced recognition of B cell epitopes and the ensuing reduction of protective capacity of the vaccine-induced antibodies could thus contribute to the recent outbreaks of genotype G mumps in persons vaccinated with the genotype A JL vaccine. Functional assays are needed to corroborate our results and provide a conclusive answer to the question why mumps is resurgent in vaccinated populations.
Methods
Sequences. For this analysis, a total of 184 and 231 sequences were used for the F and HN protein, respectively. Of the 184 sequences of the F protein, 28 sequences were retrieved from GenBank, i.e. 9 sequences of genotype A, 8 sequences of genotype G and 11 sequences of other genotypes (B, C, F, H and K; Supplementary Table 1 ). The remaining 156 sequences (46 pre-vaccine samples, 110 genotype G samples) were derived from patient samples collected at the RIVM. The 46 pre-vaccine samples were obtained between 1957 and 1982. Selection of the mumps virus strains was based on availability of the isolates. According to the available information for these isolates, mumps virus had been cultured from oral swabs, nasal swabs and cerebral spinal fluid samples. All but one of the viruses were isolated from Dutch mumps patients. The non-Dutch isolate was from a patient from Albany, USA. These 46 sequences contained genotypes A, D, L and an unclassified genotype. The mumps virus genotype G sequences from 110 clinical samples obtained between 2004 and 2015 were also sequenced.
Similarly, 76 of the 232 sequences of the HN protein were retrieved from GenBank, i.e. 11 sequences of genotype A, 22 sequences of genotype G and 43 sequences of other genotypes (B, C, D, F, H, I, J, K and L; Supplementary Table 1 ). For each genotype at least one reference strain for that genotype was included 17 . The remaining 156 sequences were also derived from patient samples, as was done for the F protein, i.e. 46 sequences were pre-vaccine samples (genotype A, D, L and unclassified) and the other 110 sequences were genotype G sequences. For phylogenetic analysis, the SH gene sequences of 78 mumps virus strains were retrieved from Table 1 ). The other 156 samples (46 pre-vaccine strains, 110 genotype G strains) were sequenced. The sequences of the 156 samples for the F, HN and SH proteins, have been described previously, except for one ). The GenBank accession numbers are: KJ125045-KJ125051, KJ125053-KJ125059, KJ125061-KJ125067, KU756625-KU756710, KU756712-KU756812, KU756814-KU756914, KU756916-KU756930, and KX136898-KX137038. As the Jeryl Lynn strain is a mixture of different strains, all sequences of the different Jeryl Lynn strains were included. In accordance with the Dutch law, no informed consent was required for this study.
Sequencing and phylogenetic analysis. RNA extraction, cDNA synthesis and sequencing of the F gene, SH gene and HN gene for all genotype G mumps virus strains were performed as described previously 12 . For sequencing of the strains from the pre-vaccination era, the same procedures were followed for the sequencing of the F and SH gene for the genotype G strains, as previously described 12 . For sequencing of the HN gene, cDNA was synthesized with the use of primer FW-HN1 (nt 6535-6555) and thereafter a PCR was performed with primers FW-HN1 and RV-HN1 (nt 8442-8460). The six primers used for sequencing were FW-HN2 (nt 6539-6557), FW-HN7172 (nt 7172-7191), RV-HN7233 (nt 7212-7233), FW-HN7795 (nt 7795-7814), RV-HN7842 (nt 7823-7842) and RV-HN2 (nt 8435-8454) as described previously 40 . BioNumerics software version 7.5 (Applied Maths) was used to analyze nucleotide sequences and to recreate a maximum parsimony tree with bootstrap resampling (1000 replicates) based on the SH gene sequences.
Generation of the homology models. Homology models were generated for both the F and HN proteins, as there were no experimentally determined structures of the mumps F and HN proteins available, at the time of analysis. The consensus sequence was calculated for both the F and HN proteins based on 123 and 196 sequences, respectively, with the cons module of Emboss 41 . This consensus sequence was then used in a BLAST search 42 against the Protein Data Bank (PDB) 43 to identify available structures of homologs for both proteins. Overall, PDB-entries 4GIP 44 and 3MAW 45 were used as templates for the F protein in the pre-and post-fusion conformation, respectively, as the F protein undergoes a conformational change during the fusion process 29 . PDB-entry 4GIP 44 contains the structure of the F protein from parainfluenza virus 5 and has an identity and similarity score with the mumps F protein consensus sequence of 49% and 69%, respectively; whereas PDB-entry 3MAW 45 contains the structure of the F protein from Newcastle Disease virus and has an identity and similarity score of 35% and 54%, respectively. PDB-entry 1Z4V 46 was selected as template for the HN protein. This structure contains the HN protein from parainfluenza virus 5 and has an identity and similarity score with the mumps HN protein consensus sequence of 46% and 66%, respectively.
After selection of the templates, FoldX 47 was used to replace the amino acids of the template with the mumps F and HN protein consensus sequences. Next, an energy minimization was carried out in YASARA with the YASARA force field 48 , to find the most stable local minimum of the protein conformation. Finally, the models were evaluated by MolProbity 49 , to avoid steric hindrance and side chain clashes.
For the F protein, positions 1-19, 101-102 and 478-538 are absent in the structure. For the HN protein, positions 1-79 and 119-127 are absent in the structure. These missing structures are signal peptides, located inside the virion, or are the transmembrane part of the protein.
Multiple sequence alignment and mapping of the mutations. Multiple sequence alignments for the F and HN protein sequences were performed with the aid of Muscle 50,51 . The sequence variation was subsequently mapped onto the protein structures with the aid of Scop3D, a tool to visualize variation across multiple sequences on the protein structure 28 . The entropy, which provides information on how random or specific the observed variation is, was also calculated with Scop3D for both proteins. F protein numbering is based on GenBank accession number JN012242 and HN protein numbering is based on accession number ABY81903.
Determination and visualization of variable positions and specific functional regions. Specific
functional regions were defined based on literature (Table 1 ). An N-glycosylation site is defined as the glycosylation recognition pattern N-X-S/T with X being any amino acid except P. All regions were subsequently mapped onto the sequences and models of the protein structures for analysis ( Fig. 4) , analyzed for diversity, and visualized on the structures of the homology models with the aid of PyMol (PyMOL Version 11r1, Schrödinger LLC). Numbering of the positions is based on GenBank accession number JN012242 and GenBank accession number ABY81903, for the F and the HN protein respectively.
Calculation of the solvent-accessible surface area. The absolute solvent-accessible surface area (aSAS), the area of a residue that is accessible by a water molecule (radius of 1.4 Å), was calculated with the aid of DSSP 52, 53 . The relative solvent-accessible surface (rSAS) area was then obtained by calculation of the ratio of the aSAS of the amino acid as present in the protein to the aSAS of the residue in the tripeptide G-X-G 54, 55 . A residue is said to be surface-accessible (solvent exposed) if the relative SAS is >25%, otherwise a residue is said to be buried 56, 57 . A surface exposed residue can be targeted by other molecules, such as antibodies. The RMSD of the homology model and the experimentally defined structure of the HN protein was calculated by using the Align command in PyMol (The PyMOL Molecular Graphics System, Version 1.1r1, Schrödinger, LLC).
